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Altered GABAergic inhibitory tone has been observed in association with a number of both acute and chronic models of epilepsy and is believed to be the result, in part, of a decrease in function of the postsynaptic GABA A receptor (GABA A R). This study was carried out to investigate if alterations in receptor internalization contribute to the decrease in GABA A R function observed with epilepsy, utilizing the hippocampal neuronal culture model of low-Mg 2+ induced spontaneous recurrent epileptiform discharges (SREDs) (Sombati and DeLorenzo, 1995 Inhibition of GABA A R endocytosis in "epileptic" cultures resulted in both a recovery to control levels of membrane GABA A β 2/β3 immunostaining and a total blockade of SREDs. These results indicate that altered GABA A R endocytosis contributes to the decrease in GABA A R expression and function observed in this in vitro model of epilepsy and plays a role in causing and maintaining SREDs.
Understanding the mechanisms underlying altered GABA A R recycling may offer new insights into the pathophysiology of epilepsy and provide novel therapeutic strategies to treat this major neurological condition.
GABAergic inhibition is thought to be necessary for the pathophysiology of epilepsy. The GABA A R is the primary mediator of fast inhibitory synaptic transmission in the CNS (Barnard et al., 1987) . Decrease in function of the GABA A R has been observed in models of both epileptogenesis and AE (Gibbs et al., 1997; Kapur and Macdonald, 1997) . Receptor endocytosis is a regulatory mechanism that controls cell surface expression and the subsequent contribution of selective neurotransmitter receptors towards synaptic transmission (Carroll et al., 2001) . Surface expression of the GABA A R is in part regulated by clathrinmediated endocytosis (Herring et al., 2003 ).
In the current study, we set out to evaluate both the function and surface membrane expression of the GABA A R in the in vitro hippocampal neuronal culture model of AE that uses SE to induce spontaneous recurrent epileptiform discharges (SREDs) (Sombati and DeLorenzo, 1995) . Hippocampal neuronal cultures were exposed to 3 hours of Mg 2+ -free media that resulted in a permanent alteration in the neuronal culture physiology as evidence by the development of a permanent "epileptic" phenotype. Both function and surface expression of GABA A R were evaluated and experimental techniques to modulate receptor endocytosis were employed to study the contribution of this cellular process towards the induction and maintenance of SREDs in this model. The results demonstrate that epileptogenesis induces acute and chronic increases in GABA A R endocytosis that contributes to the generation of seizures in the hippocampal culture model of AE.
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METHODS
Hippocampal cell culture: Primary mixed hippocampal cultures were prepared as described previously by our laboratory (Sombati and DeLorenzo, 1995) .
Briefly, hippocampal cells were prepared from 2-day postnatal Sprague-Dawley rats (Harlan, Frederick, MD) and plated at a density of 2.5 x 10 4 cells/cm 2 onto a glial support layers previously plated onto poly-L-lysine (0.05 mg/ml) coated LabTek 2-well cover glass chambers (Nunc, Naperville, IL). Cultures were maintained at 37°C in a 5% CO 2 /95% air atmosphere and fed twice weekly with
Minimal Essential Media (MEM) with Earle's Salts (Invitrogen Corp., San Diego, CA) enriched with N 3 supplement containing 25 mM HEPES buffer (pH 7.4), 2 mM L-Glutamine, 3 mM Glucose, 100 µ g/ml transferrin, 5 µ g/ml insulin, 100 µ M putrescine, 3 nM sodium selenite, 200 nM progesterone, 1 mM sodium pyruvate, 0.1% ovalbumin, 0.2 ng/ml triiodothyroxine, 0.4 ng/ml corticosterone and supplemented with a glial bed-condition media (20%). Unless otherwise noted, reagents were purchased from Sigma-Aldrich Co. (St. Louis, MO). (Sombati and DeLorenzo, 1995; Gibbs et al., 1997) . Briefly, cell culture media was replaced with BRS, mounted on the stage of an inverted microscope (Nikon Diaphot, Japan), continuously perfused with BRS and then studied using the whole-cell current-clamp recording procedure. Patch electrodes with a resistance of 2-4 MΩ were pulled on a Brown-Flaming P-80C electrode puller (Sutter Instruments, Novato, CA) and then fire polished. For whole-cell current-clamp analysis, the electrode was filled with a solution containing (in mM) 140 K + gluconate, 1 MgCl 2 and 10 Na-HEPES, ph 7.2, osmolarity adjusted to 310 ± 5 mOsm with sucrose.
Induction of SREDs by
For whole-cell voltage-clamp analysis of GABA response, a patch electrode was filled with a solution containing (in mM) 100 trizma phosphate (dibasic), 28 trizma base, 11 ethylene glycol bis-(β-aminoethylether)-N,N,N',N'-tetraacetic acid, 2 MgCl2, 0. Membranes: Photoaffinity labeling of the benzodiazepine (BZ) receptors was carried out by modification of methods previously described (Mohler et al., 1992) .
Three days following low-Mg 2+ treatment, hippocampal neurons were washed twice with BRS at 37°C. The wash solution was rapidly replaced with ice-cold homogenization buffer containing: 50 mM Tris-Citrate (pH 7.2) and 0.32 M sucrose and the cells were immediately scraped from the culture dish surface.
The cell suspension was transferred into a glass homogenizer (Kontes, Vineland, NJ), and disrupted with 10 strokes of the homogenizer. To obtain a crude P-2 membrane preparation, homogenates were centrifuged at 18,000 x g for 30 min.
Membrane fractions were washed three times in 50 mM Tris-Citrate buffer (pH 7.2). Washed membrane preparations were normalized for protein using a micro-Bradford reagent system (Bio-Rad, Hercules, CA). Saturation flunitrazepam (FNZ) binding reactions were carried out as previously described (Mohler et al., 1992) . Briefly, reaction volumes of 100 µl contained P-2 protein 
PRD-15 and S/PRD-15 peptide Transfection of Hippocampal Neuronal
Cultures: Association of the GTPase dynamin with amphiphysin is required for clathrin-mediated receptor endocytosis (Wigge and McMahon, 1998) , the process that has been shown to be responsible for GABA A R internalization (Kittler et al., 2000; Herring et al., 2003) . Peptide disruption of this association between dynamin and amphiphysin has been used as a method to increase synaptic AMPAR responses in neuronal cultures by decreasing receptor endocytosis (Luscher et al., 1999 828-42, VRKKNMAKQA) that is required for its association with amphiphysin during the endocytic process (Wigge and McMahon, 1998; Luscher et al., 1999) .
In addition, a scrambled peptide was made termed S/PRD-15 (ANVRRGPPPPPQPSP) and used as a negative control (Luscher et al., 1999 
Rate Analysis of GABA A R Endocytosis in Viable Neuronal Cultures:
GABA A R internalization assays were carried out in viable hippocampal neuronal cultures using a protocol modification of Connolly et al. (Connolly et al., 1999) .
To down-regulate Fc receptors, hippocampal neuronal cultures were incubated in
This article has not been copyedited and formatted. The final version may differ from this version. After washing in BRS, antibody labeled cultures were then incubated at 37˚C, under 5% CO 2 95% air in a humidified chamber for varying durations followed by fixation in 4% paraformaldehyde in PBS. Surface receptor was detected with a FITC-conjugated anti-mouse IgG (20 µ g/ml, Vector Labs, Burlingame, CA) in SuperBlock® blocking buffer for 60 min at room temperature, followed by 4x5 min washes in PBS. Labeled cells were then prepared for imaging as described in Immunohistochemistry methods above.
Laser Scanning Confocal Analysis of Immunohistochemical Stains: An
Olympus FlouView™ laser scanning confocal system (Olympus America, Melville, NY) was utilized for fluorescence microscopy. Both 40x and 60x
objectives were used to collect images at different magnifications. To adjust for non-specific signal, laser intensity, photo-multiplier gain and gain were adjusted and held constant throughout for each set of experiments so that no emission signal from no primary antibody controls samples was detected.
For analysis of GABA A R β 2/β3 staining in primary hippocampal neuronal cultures, a 10 micron confocal XYZ scan at 0.5 micron intervals throughout the neuronal cell soma was acquired producing a stack of twenty XY scanned images. For analysis and intensity measurement of β 2/β3 subunit staining on neuronal membrane, XY scanned images were selected on the bases of a clearly defined staining pattern of the plasma membrane which was consistent in depth 
RESULTS

Spontaneous Recurrent Epileptiform Discharges in Hippocampal Cultures
This study employed the in vitro hippocampal neuronal culture model of AE, previously developed in our laboratory (Sombati and DeLorenzo, 1995) . This hippocampal culture model involves a change in neuronal excitability resulting in an "epileptic" condition that continues for the life of the neurons in culture. This is an ideal model to study plasticity changes associated with altered neuronal excitability in that it allows for the use of electrophysiological, biochemical, microscopic and pharmacological techniques for manipulation of experimental conditions and analysis.
Two-week-old hippocampal neuronal cultures were exposed to Mg 2+ -free media for three hours and then returned to a maintenance media containing (Fig 1A-a) . Two days following low-Mg 2+ treatment whole-cell current clamp recordings of a neuron demonstrated SREDs as evident by the presence of four SREDS or "seizure" events ( Fig 1B) . Expansion of two of the SREDs revealed the presence of individual paroxysmal depolarization shifts (PDSs) in lower traces (Fig 1B-a and b) , a pathophysiological characteristic observed in epilepsy (Lothman et al., 1991) . The SREDs comprised of multiple PDSs occurred intermittently for the life of the neurons in culture (Sombati and DeLorenzo, 1995) . This in vitro model of AE has been shown to be dependent on a networking of synchronized populations of neurons in culture to elicit SREDs. Furthermore, in the presence of established anticonvulsants used clinically for the treatment of epilepsy, SREDs were stopped and the SREDs could be effectively treated with anticonvulsant therapy (Sombati and DeLorenzo, 1995 (Fig 2A) .
Epileptogenesis induces decreased postsynaptic GABA currents
Generation of SREDs in hippocampal neuronal cultures resulted in a significant decrease in postsynaptic GABA A R response, as measured by GABA current (Fig. 2B) . Voltage-clamp analysis of the postsynaptic GABA current was carried out on control and two days post low-Mg 2+ treated "epileptic" hippocampal neurons in response to increasing concentrations of bath applied GABA (1-1000 µ M). Both control and "epileptic" neurons displayed increasing responses to increasing GABA concentration (3-1000 µ M); however, induction of SREDs resulted in an approximately 50% reduction in the maximal response to GABA (Fig. 2B) . At maximal GABA stimulation the "epileptic" neurons manifested a 50% reduction in the maximal GABA current, demonstrating a reduction in the membrane current density. Earlier studies from this laboratory employing this in vitro model of SREDs have demonstrated that the induction of the "epileptic" state does not affect the potency or EC50 for GABA response (Gibbs et al., 1997) . This finding would suggest that there are no changes to the pharmacological kinetics of the GABA A R in association with low-Mg 2+ induced
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Epileptogenesis results in reduced GABA A R membrane expression in hippocampal cultures displaying SREDs
To evaluate the level of membrane GABA A R expression in control and low-Mg 2+ treated cultures exhibiting SREDs, immunohistochemical analysis was employed using a monoclonal antibody to the β 2/β3 subunits of the GABA A R complex, using established techniques (Connolly et al., 1999; Herring et al., 2003) . This particular antibody was utilized to measure overall levels of the receptor complex, since the majority of hippocampal GABA A R contain at least one of these two β isotypes (Wisden et al., 1992) . Three days following low-Mg 2+ treatment, a marked decrease in punctate membrane GABA A R β 2/β3 staining was observed when compared to control neurons (Fig. 3A) . The decrease was observed throughout the soma and dendritic regions (Fig. 3A-a association with SREDs in this hippocampal culture preparation that appears as yellow staining (Fig. 3B-c and g ). Upon closer observation, a decrease in colocalized clustering of synaptophysin and GABA A R β 2/β3 immunostaining is seen with the "epileptic" state compared to control (Fig. 3B-d and h) . Therefore, the loss of postsynaptic membrane GABA A R β 2/β3 subunit immunostaining in "epileptic" cultures cannot be attributed to a diminution of presynaptic input since the levels of membrane synaptophysin were not changed by epileptogenesis.
Inhibition of endocytosis stops SREDs and restores control levels of membrane GABA A R
To determine if endocytosis contributed to the generation of SREDs and the decrease in GABA A R membrane levels observed with epileptogenesis, we employed two approaches to inhibit receptor internalization. GABA A R undergo dynamin-dependent endocytosis (Herring et al., 2003) , a process that is dependent on the intrinsic GTPase activity of dynamin (Luscher et al., 1999) .
Inhibition of dynamin GTPase activity using GDPβS has been shown to inhibit receptor endocytosis (Luscher et al., 1999) . Our second approach to disrupt the increased endocytosis in the epileptic neurons involved the use of a highly selective peptide disruption of the association between dynamin and amphiphysin, a step that has been shown to be required for endocytosis via this pathway (Wigge and McMahon, 1998) . This technique has been used to successfully block clathrin-mediated endocytosis of other ionotropic receptors (Luscher et al., 1999) .
This article has not been copyedited and formatted. The final version may differ from this version. Treating the epileptic cultures with GDPβS in the presence of 0.1% DMSO caused the complete cessation of SREDs (Fig. 7B ), while treatment with DMSO alone had no effect in inhibiting SREDs. The bath applied GDPβS to DMSO permeablized neurons required approximately 20 min to produce an effect on SREDs indicating that time was required for uptake of GDPβS into neurons. In addition GDPβS caused an increase in GABA A R levels back to control values when compared to the untreated "epileptic" neurons (Fig. 5A , p < 0.002), using the membrane GABA A R β 2/β3 immunostaining technique in "epileptic" cultures permeablized with DMSO as described above ( Fig. 3C-a immunostaining. However, the data indicate that the effects of GDPβS were mediated through uptake into the permeablized neurons and inhibition of intracellular intrinsic GTPase activity of dynamin.
Introduction of the synthetic peptide into "epileptic" neurons to disrupt the association between dynamin and amphiphysin resulted in cessation of SREDs (Fig. 7C) , while the scrambled control peptide of the same molecular weight did not change the frequency of SREDs (Fig. 7D) . The PRD-15 peptide also caused an increase in the level of membrane GABA A R β 2/β3 immunostaining ( Fig. 3C-c This article has not been copyedited and formatted. The final version may differ from this version. and d), reflected by a significant increase of 30% back to control levels (Fig. 5B , p < 0.001). The scrambled control peptide of the same molecular weight did not cause an increase in the level of membrane GABA A R β 2/β3 immunostaining to control levels as observed with the PRD-15 peptide. Thus, the fact that the scrambled control peptide had no effect on either the frequency of SREDs or membrane GABA A R β 2/β3 immunostaining in the "epileptic" neurons demonstrates that the effect of the PRD-15 peptide was not produced by nonspecific protein or chariot effects. This very selective inhibition of the association between dynamin and amphiphysin and subsequent disruption of endocytosis by the inhibitory PRD-15 peptide, but not by the scrambled control peptide, provides strong evidence that the increased endocytosis associated with AE in this model is playing an important role in the generation and maintenance of SREDs.
Epileptogenesis induces an increased rate of GABA A R internalization
Established procedures for measuring receptor endocytosis were utilized to measure the rate of GABA A R endocytosis in control and "epileptic" neurons (Connolly et al., 1999 determination of antibody-receptor internalization over time (Connolly et al., 1999) . Immediately following 60 min of antibody labeling at 4°C (0.0 time), control and "epileptic" neurons were phase-bright and displayed detectable GABA A R β 2/β3 immunostaining ( Fig. 3D-a, b, e and f) . Levels of surface membrane GABA A R β 2/β3 immunostaining were more rapidly decreased over time in "epileptic" neurons when compared against controls (Fig. 3D-d and h ), while these neurons maintained phase-bright properties (Fig. 3D-c and g ). At the 60 min time point, the loss of surface GABA A R β 2/β3 immunostaining was significantly greater in low-Mg 2+ treated cultures when compared against control ( To determine the potential contribution of receptor internalization towards the observed decrease in functional GABA A R and the subsequent expression of SREDs, we employed several approaches to inhibit receptor endocytosis in our in vitro preparation. Treatment of "epileptic" cultures with GDPβS to inhibit the intrinsic GTPase activity of dynamin resulted in restoration of control levels of membrane immunostaining for the GABA A R β 2/β3 subunit and the total loss of SREDs. We more selectively evaluated the contribution of the clathrinmediated receptor endocytosis pathway by employing a highly specific blocking peptide directed against the dynamin-amphiphysin association domain.
Disruption of the association between dynamin and amphiphysin using the PRD-15 peptide completely abolished SREDs and restored GABA A R β 2/β3 immunostaining to control levels in "epileptic" cultures. These results provide evidence for a direct role of clathrin-mediated receptor endocytosis pathway in causing the decreased GABA A R level and function in the epileptic phenotype.
Furthermore, decreasing GABA A R response by 30-40% using the noncompetitive GABA A R antagonist picrotoxin in control hippocampal neurons in culture has also been shown to induce the development of SREDs that were indistinguishable from the SREDs associated with the induction of AE by low-Mg 2+ treatment (Gibbs et al., 1997) . Therefore, the results from the present study demonstrate that changes in GABA A R endocytosis may contribute to the development and maintenance of the "epileptic" state by decreasing the effective levels of membrane GABA A R and thus decreasing the inhibitory input to the neurons in the epileptic condition. To our knowledge this study has provided the first direct evidence that inhibiting endocytosis of GABA A R is associated with an anticonvulsant effect, and thus offers an innovative approach to developing novel therapeutic agents with a unique mechanism of action to treat epilepsy.
The ongoing modulation of the properties and efficacy of neurotransmitter receptors is a major component of synaptic plasticity. Modifications in the pharmacokinetics and gating characteristics of existing receptors have been thought to be the primary mechanisms underlying receptor-dependent changes in synaptic efficacy (Moss and Smart, 1996) . However, in recent years research has also focused on the process of trafficking of neurotransmitter receptors on the postsynaptic membrane and its role in mediating synaptic plasticity (Barnes, 2001; Carroll et al., 2001) . Studies have shown that induction or inhibition of neurotransmitter receptor endocytosis has significant effects on receptor response and overall synaptic efficacy (Chapell et al., 1998; Luscher et al., 1999; Herring et al., 2003) . Thus, the physiological process of regulating expression of neurotransmitter receptors on the synaptic membrane can bring about substantial changes in the synaptic transmission. In light of these observations, it would be expected that aberrant changes in neurotransmitter receptor trafficking could contribute to pathophysiological states such as epilepsy.
Research studies on the basic mechanisms of epilepsy and especially AE have elucidated many molecular changes and potential causes of increased neuronal excitability (Lothman, 1996; Coulter et al., 2002) Calcium and Ca 2+ -regulated systems have been implicated for some time in epilepsy and seizure discharges (DeLorenzo, 1986) . Sustained seizure activity and AE have been shown to alter Ca 2+ -homeostatic mechanisms (Pal et al., 2001; Sun et al., 2002) and Ca 2+ -dependent transduction pathways (Blair et al., 1999) .
Reduction of post-synaptic GABA A R function in epilepsy has been shown to be dependent on an increase in [Ca 2+ ] i (Isokawa, 1998 scrambled PRD-15 control peptide had no effect on expression of SRED activity in "epileptic" neuronal cultures.
